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Abstract
Results of six quasi-static test and four creep experinments are described

in terms of standard quasi-static material properties such as uniaxial com
pressive strength, strain-to-failure, secant noduli, etc., and in terns of
two known creep formulations. The creep formulations consist of a conbined
primary/secondary creep nodel and a purely transient creep nodel. Al
results are compared with published data for rock salt fromthe Jefferson
I'sland done and for bedded salt fromthe Wllington and Salado formations.
They are consistent with results from these three sites suggesting that

Vst Hackberry rock salt can be described by neans of constitutive relations
whi ch are now available or currently under devel opnent. Conparative data for
triaxial conpression and triaxial extension also indicate that these nodels
can be applied to predict the shear deformation of rock salt under genera
stress states but that nodifications might be needed to predict rock salt

fracture.
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List of Symbols and Conventions

True principal stresses (force)/(current | oad-bearing area)--

conpression  positive

Engi neering strains (change i n length)/(original length)--
contraction positive

Natural or |ogarithnic strains (change i n length)/(current
length)

Shear strain

Vol unetric strain

Strain parallel to cylinder axis (axial strain)

Utimte or maxi num principal stress difference

Strains corresponding to (al - 03)u

A
Secant nodul us, Alehere A denotes finite stress or

strain increnments 1

El astic constants (Young's nodul us, Poisson's ratio
and shear nodul us)

The bulk of the data is expressed in English units consistent with SPR

proj ect

requests.
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[ ntroduction

The work in this report was part of a short-termsystens and engineering
study to support the U S. Strategic Petroleum Reserve (SPR) Program Quasi-
static and creep tests were conducted to aid a finite element study of the
stability of an existing oil storage cavern, cavern #6 in the West Hackberry
done, \est Hackberry, Louisiana. The top of the cavern is |ocated at a depth
of 3250 ft (990m. The cavern is approximtely 150 ft (46n) high and
between 334 ft (102 m and 420 ft (128 n) in diameter. Calculations were
particularly concerned with predicted creep closure of the cavern as a
result of cavern depressurization from1725 psi (11.9 MPa)to 1145 psi
(7.9 MPa) at the top of the cavern wall following a fire in Septenber, 1979.
Because no site-specific data were available at the beginning of this study,
all calculations were performed by means of existing material properties for
rock salt from the Jefferson Island dome, Louisiana and from the bedded deposits
of the Wellington formation at Lyons, Kamsas.1 The present data provide
the first site-specific properties and serve to evaluate the applicability of
Jefferson Island and Lyons results to West Hackberry conditions. They also
permt a check of three sets of assunptions which were made in the structural
calculations under this program (1) Creep at less than approxinmately 90
days, including the time for dissolutioniug, is limted to transient
(decelerating) creep which can be described by neans of an equation of the

form
m. n
el - (1(0'1 - 03) t

wher e ey and t are the greatest conpressive strain and tine. (gl - 03) is

the principal stress difference. (2) Ceep proceeds with no change in material



volune, i.e., creep data fromtrisxial conpression tests can be used in lieu

of creep data in triaxial extension which best describes the |oading conditions
inthe walls of oil storage caverns; and (3) Tenperature effects to

approxi mtel y 60°C are subordi nat .

Ten experiments were conducted at zero and 2000 psi (13.8 MPa) confining
pressure and at 22% tenperature. Two tests at o3 = 2000 psi (13.8MPa) were
carried out in triaxial conpression (02 = 03) and two in triaxial extension
(02 = cl). Creep of West Hackberry salt was nmonitored in four tests up to

475hours at a nominal principal stress difference of (gl } = 3000 psi

- o
(21 MPa).

Source of Material and Sanple Description

The West Hackberry done is located in Canmeron parish in southwestern
Louisiana. It is an elliptical piercement structure of Jurassic salt into
eocene sedi ments.2 The donme is part of a larger salt mass which is
approximately 8.7 miles (14 kn) long and at least 1.9 mles (3 kn) wide.
The top of the dome is nearly flat and located at approximately 2000 ft
(625 m bel ow surface under up to 525 ft (164 m of cap rock. The flanks
of the dome dip fromslightly less than 60° to more than 75° in the north.2

Core tested was taken fromtwo drillholes, #6C and #8a into the
caverns #6 and #8. Hole #6C i s | ocated 300-500 £t (100-150 m) fromthe
rorthern edge of the top of the dome, Hole #8A is located nore than 1000
£t (300 m) to the south of hole #6C. Both holes are identified in Figure 1
relative to the 2000 ft (625 nm) contour of the done.

Core tested was taken from depths 2200-2242 ft (671-684 m) in hole #6¢
and from 2300-2303 ft (701-702 m) in hole #8A. Conpositions were deternined

on three hand specinens which appeared to be typical for the darkest |east
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Chenmical and D ssol utioning Data(3)

Sample I.D. (Hole No.-Depth, ft.) (Sanple Fraction)

6C-2208(1) 6C-2208(2) 6C-22l41
37.7 36.5 37.5

0.001 0. 001 0. 001
0.272 0.360 0.271

< 0.0001 < 0.0001 < 0.0001
58.5 57.4 58.5
0.65 0.86 0.66

< 0.005 s0.005 10.005

< 0.005 < 0.005 < 0.005
1.87 3.90 2.54
~ 100 =~ 100 ~ 100

Mbst transparent Dar kest, M x of transparent

\llleglsjfl”y and dark salt

pure



pure and for the nost transparent clean material.d X-ray anal yses identified
only sodi umchl oride and anhydrite (Casou). The results of chenica
analyses are summarized in Table |. Table | suggests that all rock salt
consisted of nore than 93%Naci. Considering the brine concentrations used
and the stability of anhydrite,' it can also be assuned that the tota
anhydrite content varied between 2.7% and 5.1%. The anhydrite shown occurred
primarily in steeply dipping bands in core fromdrillhole #6¢. The width
of these bands varied from 1.2 in (1.5 cn) to nore than 4 in (10 cn.
Core #6¢C al so contained elongated grains with greatest dimensions between
0.24 in 6m) and 1.2 in (30 nmm) and with aspect ratios from1l.5 to 35
The long axes of these grains |ay approximtely parallel to the anhydrite
rich bands. The grain boundaries were relatively snooth indicating a moderate
degree of grain interlocking. A typical sanple fromdrillhole #6c, which
was illumnated frombehind, is shown in Figure <2,

Contrary to core fromhol e #6C, the grains in core fromarillhole #8A
were approxi nat el y equiaxed. They showed no preferred orientation. The
grain size varied from 0.16 in to 1.2 in (4-30 mj. Speci men 8a-2302

included several large euhedral grains.

Appar at us and Experinental Procedures

Tests were performed in two identical triaxial apparatus capable of
acconmmodat i ng specimens up to 4 in (10.8 cn in diameter and 8.25 in (21 cn
in length. Figure 3 is a photograph of the equipnent.

Prior to testing, all specinmens were covered with a 0.01-0.02 in
(0.25-0.5 mm) thick layer of RTV silastic (RTV 108) for protection against
the effects of humdity and to fill small surface pits or holes. This
procedure is facilitated if the RTV is first thinned with toluene. After

coating, each sanple is placed between two steel end-caps and enclosed in an



el astomer jacket of Viton, Neoprene or EFDM. The wall thickness of
these jackets is approximately 0.06 in (L5mj). To ensure good
alignnent, all specinen ends are machined flat and parallel to + 0.001 in.
(+ 0.003mm). End effects at the interface between rock salt and end-caps
are mninzed by polishing the end-cap faces to a mirror finish and by
coating the sanple ends with thin layers of nolbydenum disulfide (Molykote).
Al tests were started froma state of hydrostatic conpression equal to the
magni tude of the least principal conpression 03 whi ch was mai nt ai ned
constant .

Devi ator stress was generated by increasing the axial specimens stress
intriaxial compression and by increasing the radial pressure o, = oy in
triaxial  extension.

Axi al specimen strains were nonitored by neans of LVDT (Linear Variable
Differential Transforner) transducers parallel to the sanple axes. Radial
strains were nmeasured dilatonetrically and/or by means of two di sc gauges.
The placenent of these disc gauges is denmonstrated in Figure 4. Details
of both techniques, calibration procedures and data reduction nethods are
di scussedelsewhere.’

Quasi -static tests were performed at a nmean deviatoric stress rate of
1 S?i%? (gl - 03) < 2 psi/s (7to 14 kPa/s). This rate was approached in
incremental fashion by quick, alnost instantaneous changes in ram | oad
fol lowed by periods of several minutes during which the |oad was held
fixed. Variations in the stress rate were caused by changes in the
specinen area with changes in radial sanple strains. Creep was initiated
by rapid deviatoric loading in triaxial conpression, d/dt (ol - 03) ~ T5 psils
(500 kPa/s). The creep stress was reached at a slightly lower rate L

at
(0; -03) ~ 22 psi/s (150 KPa/s) in triaxial extension.



Test  Matrix

Table Il shows the ten experiments described in this report. The
test identification (I.D.) in the first colum is used in subsequent
figures and designates the following: (nomnal core dianmeter, in)
(identification of test type)/(drillhole #)-(depth, £t)/(least conpressive
stress, ksi)/(tect tenperature, °c). The abbreviated code for test type
ieentifiesfour different experiments. Q quasi-static conpression test,
QE: quasi-static extension test, C. triaxial conpression creep test and
CE. triaxial extension creep experinent. Based on el astic computations”
the | oading conditions in Table Il were deemed representative for the
stresses in the imediate walls of the West Hackberry cavern #6. The
temperature of 60°cwas suggested by wel | tenperature nmeasurenents. ! The
val ues for principal stress difference and | east conpressive stress for
four creep experinents are averages for the duration of each test.

Raw core of 4 in (10.8cm dianmeter was used for convenience in four
of the quasi-static conpression tests. Sanples of 3.5in. (8.9cn) dianeter
were drilled for the remainder of the experinents primarily because of

constraints of the available apparatus in the node of triaxial extension.

Experinental  Results

Quasi -Static Tests

The quasi-static data obtained are presented in Figures 5through 10
using conventional graphs of principal stress difference, (cl - 03),
versus greatest conpressive strain, €5 @s wel | as cross plots of
(°1 - 03), y, e and tine. ST y and e are natural strains. Denoting
conpressive strains positive the natural strains are obtained from neasured

di nensi onal changes and engineering strains €1 €3 S



Table |1

Test  Matrix
Test |.D. Description of Test
LQ/6C-2206/0/22 Unconfined quasi-static conpression, 03 =0, T = 22°¢
4Q/8a-2302/0/60 Unconfined quasi-static conpression, Og =0, T=60%
Lq/8A-2301/2.0/22 Quasi-static trisxial conmpression, o, = oy = 2000 psi, T = 22%
LQ/6C~-2208/2.0/60 Quasi-static triaxial conpression, o, = 03 = 2000 psi, T = 60°%
3.5QE/6C-22414/2.0/22 Quasi-static trisxial extension, o, = o, = 2000 psi, T =22%
3.5QE/6C-2223/2.0/60 Quasi -static triaxial extension, o, =0y = 2000 psi, T = 60°¢c
3.5C/6C-2241/2.0/22 Triaxial conpression creep, 0y =04 = 2030 psi, (°1 - 03) = 2960 Psj |
T = 22%
3.5C/6C-2201/2.0/60 Triexial CONPIession creep, o, = oy = 2030 psi, (o) = 03) = 2900psi,
T = 60°C
3.5CE/6C-2225/2.0/22 Triaxial extension creep, o, = cl){3390 Psi, (cl - 03) = 2900 Psj ,
& < T = 22%

3 ™,
3.5CE/6C-2194/2.0/60 Triaxial extension creep, o, = cl){2070 psi (°1 - 03) = 2890 psi ,
T = 60°C



Table |11

Maxi mum Stresses and Strains of Quasi-Static Tests. Subscript u Pertains
to Utimte Stress and Strain Val ues.

*

_3 (o) = 03)y (e)y  (-e3)y (v), (e)y (®)ygm
(psi) (psi) (%) (%) %) (%) (%)
4q/6C-2206/0/22 0 3790 2.5 4.0 6.5 -55
4Q/8A~2302/0/60 0 3540 5.0 5.9 109 -6.8 -5.5
LQ/8A-2301/2.0/22 2000 > 8570 >14.3 7 83 722.6  -2.3 -2.4
4Q/6C-2208/2.0/60 2000 7 540 725.4 714.1 7 395 -2.8 -39
3.5QE/6C-2241/2.0/22 2000 76740 7 35 7 60 7 95 10 04
3.5QE/6C-2223/2.0/60 2000 75060 7 38 7 64 > 10.2 1.2 -0.1

"Total volunetric strain estimates based on selected measurements of final specimen di mensions.



Table IV

Summary of Deformation Characteristics of West Hackberry Dome Salt Upon
First Laboratory Loading and List of Hastic Constants

Secans Modul us (10° psi)/Princ. Strain Ratio Bl asti & (unl oadi ng)

9 stants
Test 1.D. (psi) 500 < Ao(psi) <1000 500 < Aopei) < 2000 E(logpsn.)/\)
4Q/6C-2206/0/22 0 0.22/-0.30 0.68/-0.68 (3.7/0.65)"
LQ/8A-2302/0/60 0 .16/-0.56 0.32/-0.71 (5.6/-)F
4q/8A-2301/2.0/22 2000 1.75/-0.63 0.90/-0.52 5.55 ., 22/0 33 %:82
14Q,/6C-2208/2.,0/60 2000 1.83/-0.30 1.05/-0.37 5.67 *O- 22/0.31 + 03

*Measurenent  nade past the ultimate stress.
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e; = -4n(1 - ‘gl‘)
ey = -n(l + \e3|)
y =e - e

e and y are volumetric and shear strains, respectively.

Figure 5 affords a comparison of the unconfined behavior of Wst
Hackberry material at 22°c and 60°%. The steps in the two stress strain
curves are results of the increnmental deviatoric |oading procedure described
earlier. In subsequent plots stepped stress-strain curves sonetines are
approxi mted by smooth curves which were drawn through the end points of
each step, e.g., points A and B in Figure 5. It is noted that plots of
princi pal stress difference versus shear strain and volunetric strain are
the nost appropriate representations to conpare the results of triaxial com
pression and triaxial extension tests (Figures 8 through 10).

Further inspection of Figures 5 through 10 provides the supplenentary
data in Tables IIl and IV, Table Ill lists the unconfined strengths and the
associated ultimate strains. Table IIl, column 3, also contains the maxi num
stresses below the ultimte stresses which were reached at el evated val ues
of o3 It is noted that the ultimte stresses were not reached at 0, =
2000 psi (13.8 MPa) and great est conpression strains e, < 25.4% because
the deviator stresses were still increasing when these experinments were
termnated. However, observations of dilatancy* (Figure 7) inply that

fracture would have developed if the experiments had been continued.

*Dilatancy denotes increases in rock volume relative to purely elastic
volume changes with changes in mean stress.



In view of the duetile nature of rock salt, the non-zero volunetric
strain values which were monitored in triaxial conmpression and triaxial
extension must be considered suspect in principle. To ninimze the un-
certainty concerning the validity of these results, volumetric strains were
calculated fromtwo independent measurenents of radial specimen deformation
using dilatonetric and disc gauge readings. These two sets of data are
essentially identical. Additionally, the volunetric strains which were
determined fromrecords of axial and radial sanple deformation were conpared
with volumetric strain estimates based on measurenents of the final sanple
dinensions after testing. The latter values were entered in the |ast column
of Table IlIl. They constitute relatively crude estimtes because of .local
grain bulging. Wth the exception of sanple 6c-2223,the trend of the data
in columns?7 and 8 is consistent although the quantitative agreement is poor.

Table IV contains the values of secant moduli and principal strain
rati os which describe the response of \West Hackberry salt upon first
laboratory loading. Such values are used frequently to eval uate the behavior
of rock salt from different sites. They also indicate the non-elastic
nature of this material. The elastic properties of West Hackberry salt
were established in rapid unloading tests at stresses bel ow approximtely
60%of the previously attained peak stress when tine dependent deformation
becomes  subordi nate.

Oreep  Experinments

The results of the four creep experinents are summarized in Tables V
and VI and in Figures 11 and 12. Variations in the initial |oading rates
(colum 60of Table V) were unintentional and were primarily due to
restrictions in the flowrate through hydraulic lines and in the output

capacity of one of the pressure sources. In spite of these restrictions,

11
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Table V

Summary of Data of Creep Experinents

Initial . .

o - oy, Towins Test MU S gerved
Test |.D. (psi) (psi) (psi/s) (hrs) ‘1 3 Cx
3.5C/6C-2243/2.0/22 2960 2030 52.2 475 .51 0.21 9.47E-9
3.5C/6C-2201/2 0/60 2900 2030 95.7 263 .69 0.27 7.233-8
3.5CE/6C-2225/2,0/22 2900 1990 30.5 262 0.13 0.18 1.19E-8
3.5CE/6C-2196/2.0/60 2890 2070 14.5 72 0.25 0.37 5.97E-8

*Test ran to 311 hrs; however, | oadi ng piston bottonmed out after 72 hrs rendering subsequent data invalid.
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Test 1.D
3.5C/6C-2243/2.0/22

3.5CE/6C-2225/2,0/22

3/5C/6C-2201/2.,0/60

3.5CE/6C-2196/2.0/60

Table VI

Fitting paranmeters for Axial Creep Strains, ey According to Equations (1)-(5)

Usi ng the Correspondences e,

R
Fit No. 1

where u = 18x 10~ ps

File #
CD8A

CDOA

CD6A

CDTA

n

“‘et|’ a

e C e

o? 72

a? c3 "B, G, & and ¢

‘ex‘ =c 4 02(1 - exp(-C3t) + Cht); Fit No. 2:

Fit
No.

1
2
1

(shear modul us).

le | = ¢f !
ex! Cl + C2

t denotes tine in seconds,

Subscript of Constants
1 2 3 4
3.713-3 1.06E-2 8.623-6 1.31E-8
3.94E-L 3.513-3 3.00 0.528
6.33E-3  9.05E-3  9.28E-6  1.13E-8
L .28E-3 2.06EL 3 00 0.393
5.96E-3 2.633-2 3 OCE-5 8.93E-8
1.05E-2  4.99E3 3.00 0.609
6.55E-3 1.84E-2 5.59E-5 1.363-7
5.0LE-3 2.86EL 3.00 0.481

St andard

2

1

/
91

Error of Fit

0.487E-3
.394E-2
0.432E-3
.225E-3
.230E-2
.173E-2
.128E-2

0.2363-3



the initial loading rates were 14 to 94 times greater than the mean | oading
rate in all quasi-static tests. Nevertheless, the ratios of the data in
colums 2 and 6in Table V, i.e., the stress differences divided by the
initial loading strains which are equal to the secant noduli Eg, still
fall intothe relatively lowrange 4.4 x 10° < E (psi) < 23x 106
(30to 16.1Ggra) and are well below the intrinsic elastic mdulus E = 56X
10° (39 GPa) (Table 1V).

Figures 11 and 12 are plots of the neasured shear strains and vol umetric
strains versus tine. The cusp in the creep curve for sanmple 6C-2201
(Fig. 11) is due to a gradual, 190 psi (1.3 MPa) stress drop between the
15th and 70th hour of testing when the stress was updated. This stress drop
was caused by a considerable change in specinen area at constant applied
force. Again, the observed volunetric strains are suspect, but no neasure-
ment errors could be identified. Increased dilatancy with an increase in
tenperature in the conpression test in Fig. 12 is unexpected. However,
this dilatancy was associated with greater shear strains than devel oped
at 22%, It may al so be that the differences between results at anbient
and el evated tenperature are due to conpositional and textural variations
between sanples. The indicated conmpaction in Fig. 12 for extension tests
was conputed independently by nmeans of indirect and by direct measurements
of radial specimen deformations. A graphical conparison of the two sets
of measurenents is shown in Figures 13and 14 for sanples 6c-2201and
6C-2243, Ordinarily, the dilatometric procedure to monitor radial
deformations provides the lowest volunetric strain values.

Interpretation of the creep data followed two approaches. First, all

measurenents of total creep strain, e_were fitted to a combined primry/

t
secondary creep nodel of the form



= + &
'b‘ eo ep + est (1)

wher e

o =l - e”5%) ()

®
|

Here the total natural strain ey

e .. €, is a saturation value, és is the secondary creep rate, and g is a

is taken to be the axial specinen strain

relaxation frequency. Tine is expressed in seconds. According to (2), eP

reaches sone fraction, £ of €y when

t=__lr_1Q._€_;f_Z (3)

The choice of fit to Equations (1) and (2) is based on the analysis of a

I arge nunber of results for bedded rock salt fromthe Salado formation in

southeastern New Mexi co. 8,9

The second type of fit was often applied to the interpretation of

model pillar tests and, later, to rock salt creep at constant stress: 10-1k

leg| = ey’ +ot? (4)
wher e e, = and
c, = 0O
o =8 52 (5)

The const ant e, and eo’ were used to account for initial differences in
the | oading rates particularly between triaxial conpression and triaxial

extension tests. The fitting itself was acconplished by the nethod of

8,1 .
least squares. °’ 4 It was al so assuned that the stress exponent in

10-14

Equati on (5)equalled three. The fitting parameters according to

15



16

Equations (1) through (3)are listed in Table VI. It is noted that the

vol umetric strains proved to be no nore than 11% of the shear strains for
the duration of the experiments. Therefore, setting e ~ 0 it follows that
=e

e el andyz(el- es)m%ex. The quantity existhe

1
2 3= 2
axial sanple strain. In conpression e, =& and in extension ey = o3
The secondary creep estimates, constant C, = éX in Table V, conpare well
with the smallest observed creep rates which were deternined by means of
linear least square fits to the last, approximately 50 hours of test data
for each experinent (Table V). Future fits will deal directly with the
experinmental Iy nonitored shear strains and volunetric strains after

additional confirmations of all neasurements will have been conpleted.

Di scussi on

The quasi-static data for West Hackberry salt are typical for rock
salt from other sources. The salt behaves non-elastically even at |ow
deviator stress. This is indicated by the small secant nodul i B, < 2.1 x
1o6 psi (146GPa) in Table IV conpared with a Young's nodulus of E ~ 56x
106 psi (39 GPa). Pressure has a strong effect on the ultimate stresses
and strains over the range of confining pressures applied here, zero to
2000 psi (13.8MPa). However, based on published data, the influence
of pressure is bound to be greatest at oy < 1500 psi (10.3 MPa) and
decreases steadily as o3 is raised. For this reason, it was expected
that the shear strains of West Hackberry samples woul d agree closely in
triaxial compression and triaxial extension. In spite of the agreement
in shear behavior, it is noted that systematic differences remined

in the volunetric strain response. If these results prove to be correct

as is indicated by the cross-checks of all neasurenents, then the observed



variations in volunetric strain response suggest persistent differences in
strength between triaxial conpression and extension even at relatively high
Og: To test this point, additional experinents should be carried out to
macroscopi ¢ fracture at several confining pressures up to at |east

13.8 MPa.

The temperature rise from22 to 609Cproduced only a mnor change in the
tenperature resulted in an alnost twofold increase in the shear flow at
el evated confining pressure (Fig. 6). The exact value of this increase is
probably a function of the inposed rate of |oading. However, overall it is
confirmed that tenperature nmust be considered in the choice of rock salt
properties for design calculations

Creep experinents at oy = 2000 psi (13.8MPa) produced simlar results
in several respects. Nearly identical behavior was monitored both at anbient
tenperature and at elevated tenperature (Fig. 11). Nevertheless, the
volumetric strain behavior (Fig. 12) was systematically different in the two
types of tests. This trend in the volumetric strains suggests a preferential
nucl eation and al i gnment of mcrocracks which has been verified in nore
recent tests on rock salt from another dome. Therefore if creep rupture were
to occur, then it is likely to be different in conpression fromwhat it is in
ext ensi on.

The paraneter listing and standard errors for the fits to the axial
sanple strains in Table VI denonstrate that the conbined primary/secondary
creep equation (1) and the purely transient creep law, Equation (&), fit the
data about equally well even though the primary creep according to Equations
(2 and (Q)was at |east 95% saturated. Considering only the present data,

it follows that the unanbi guous resol ution of secondary creep and the choice
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of the best creep law requires special tests, including long-term creep
experinents. However, in the neantine, Equations (1) and (2) are favored
on physical grounds and because it is likely that the onission of secondary
creep leads to less conservative designs, i.e., smaller strains, particularly
if the design life is long.

Because creep tests were carried out only at one stress level, it was
i mpossi bl e to deternine the stress dependency of the creep of West Hackberry
core.  On the other hand, if the tenperature dependence on secondary creep in

Equation (1) is described by the V\éertmanl6 relation
o, - O\
;. - Ae-Q/RT(l—uij ©

then the neasurements at 22 and 60°C yield an activation energy Q = 11.4
kcal/mole (47.8 kJ/mole). R is the gas constant and T denotes absol ute
tenperature. If the tenperature dependence in Equations (4) and (5)is

contained in g either as
g=p'T (7)
or
B =p” o-U/RT

then the average data at each test tenperature inplies s = 9.32 and U=5.6
kcal/mole (23. 4 kJ/mole).

It was one objective of this study to determine the conparative behavior
of rock salt from West Hackberry, Jefferson Island and fromthe Vellington
formation at Lyons. The latter conparison automatically raises the added

question whether the properties of done salt are different fromthose of



bedded salt because of differences in tectonic histories. Available anbient
tenperature data fromall three sites are summarized in Table VII and in
Figure 15 Several observations are readily apparent. The variation of the
ultimate stresses, ultimte strains and secant moduli upon first |aboratory
loading in Table VIl are well within the typical data scatter for large
suites of tests on rock salt from any |ocation. 7 e agreenent of data is
particularly good if it is considered that the results were obtained in
different laboratories and on specinmens of different sizes. The only apparent
di screpancy appears to exist in the magnitude of the intrinsic elastic constants
(colum 6in Table VI1). The nost likely reason is a difference in neasurenent
techniques and experimental resolution. However, it is enphasized that the
hi gh val ue of Young's modul us which is reported here for West Hackberry core
agrees perfectly with the Young's moduli which were conputed fromrock salt
densities and from measured dilatational and shear wave velocities. 18 The
elastic constants in Table VIl also agree with those obtained for rock salt
from other |ocations

Figure 15 shows creep measurements to 120 hours which is the maxi num
test duration for core from Jefferson Island and Lyons. The creep curves
for West Hackberry salt appear to be a good average for the eight curves
from Jefferson Island and Lyons. Although all three sets of results differ
markedly at small times, the average creep rates between 100 and 120 hours
fall into the narrow range from7.9 x 1079 1/ for Lyons core to 2.24 x 10'8 1/s
for Jefferson Island naterial. The average value for the ten tests shown in
Figure 15is l.66x10'8 1/s. Guven the fact that the creep rates between
100 and 120 hours were overlapping, it becomes obvious to suggest that the
long term response of material fromall three sources is essentially the

same. |t appears further that the true differences in creep are limted to
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Table VI

IndicatorProperties for Rock Salt fromWst Hackberry, Jefferson Island,

and ~IyonsJ»3*

No. of

Secant Md., Eg

Materi al Tests or 93 (°1 - ag)u 500 < (psi) < 2000
Sour ce Measurements  (psi) (psi) (10° psi)
Vst Hackberry 1 0 3780 0.67
1 2000 7 8570 0.90
6 0O 2000 ——— _——
Jefferson Island 2 0 3120 * 15 0.19 + 0.01
1 0 3520 0.26
1 1500 7 9650 0.59
2 2000 > 6900 0.39 + 0.06
6 0-2000
+120 .
Lyons 3 0 3660 -190
2 500 — 055+ 0.1
7 500-5000  ---- 70.8T* 035
-0
2 500-2000  -mm- ----

5.

El astic

Const ant s (e1)y  Flog - o3)
E(106 psi)/y p%)s i [ s
-———- 2.5 1
> 14.3 1

+0.33 +0.03
58 [0'35/0.32°0°03 ... 710
2.9 0.3
2.9 8.3
721.5 8.3
——— 7 13.5 0.3
+o 09
-1. 03/° H2_ 0.19 T
-—— < 3.5 ~ 2.5
— ~2.5
e ~2.5
154 + 0.07/---- - ~25



initial creep response which is probably sensitive to variations in recent
sanple histories in the same way that recent specimen histories are reflected
in quasi-static monotonic | oading experinents.l9
The simlarity between the rock salt behavior in Figure 15is not limted
to Jefferson Island, Lyons and West Hackberry data. A conparison of West
Hackberry data with the best fit to tests on bedded salt fromthe Salado
formationin hbM/Mexico,9 provi des excellent agreenent. This is shown in
Figure 16where the secondary creep estinmates for West Hackberry of Table VI
are plotted onto the 22 and 60°C fits to Salado salt. Somewhat fortuitously
the agreenent between the four West Hackberry data points and the best Salado
fits is considerably better than the agreement between these fits and several
individual data points for Salado material which were ascertained in anbient
tenperature experinents (Fig. 16). This scatter in otherw se careful

experiments helps to put the apparent divergence in neasurenents in Figure 15

into proper perspective

Summary and Concl usi ons

Six quasi-static and four creep experinments on West Hackberry rock salt
were described. Al quasi-static test results, ultimte stresses and strains,
elastic constants and secant moduli during first [aboratory |oading, were
quite simlar to data for rock salt from three other sources. Pressure
effects are significant at low confining pressure. However, at 03 = 2000 psi
(138 MPa) this effect was largely suppressed so that the shear behavior of
Vest Hackberry salt was al most identical in triaxial conpression and triaxial
extension. On the other hand, systematic differences in the volunetric strains

indicate that the ultimte stresses and strains might be different in the two cases
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if such tests are continued to fracture. A small change in tenperature from
22 to 60°C was shown to produce substantial changes in the shear flow of st
Hackberry core.

Creep tests in triaxial conpression and triaxial extension were anal yzed
in terms of conbined primary/secondary creep model and in terns of a purely
transient fornulation which was applied in earlier \est Hackberry analyses. L
Both nodel s described the experinental data well for the duration of the
present tests (t < 475hours). However, the conbined primary/secondary
interpretation was favored because it is consistent with some known flow
mechanisms in halite.

Al most identical shear creep data and systematically varying volunetric
creep results in conpression and extension suggest that pressure does not
influence the flow of salt at oy = 2000 psi (138MPa) but that it might
alter the development of creep rupture. Tenperature had a very pronounced
influence mich like in quasi-static tests. The conparison of creep data at
22 and 60° inplies an activation energy of Q= 11.4 kecal/mole (47.8kJ/mole)
for secondary creep and U = 56kcal/mole (234%kJ/mole) if creep is
attributed solely to transient creep. |If the tenperature effect in the
transient creep fornulation is related to a power function of tenperature,
7° then s = 9.32.

Neglecting early tine data, the results for st Hackberry salt conpare
well with creep data fromthe Jefferson Island dome and for bedded salt from
the Vellington formation at Lyons, Kansas and fromthe Salado formation,
southeastern New Mexico. The agreement is particularly good between
secondary creep estimated for West Hackberry and Salado material suggesting

that different tectonic histories had no effect.



In view of the consistency of all results, it appears that little
further nechanical testing is needed on Vst Hackberry material unless creep
fracture is deemed possible or unless particular structural, textural or
conpositional anonalies are encountered. Such anomalies night include cases
where anhydrite is concentrated primarily within sodiumchloride crystals
rather than along grain boundaries. It also appears that the tine dependent
response of West Hackberry salt can be described by neans of existing or

evol ving constitutive nodel s for Salado salt.
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Figure 1:

Map of 2000 ft (625m contour of \West Hackberry done.
boundary defines DCE property Iine.

Cross hat ched




Figure 2:

West Hackberry sample from drillhole #6C depth 2223 ft (695m)
with back illumination.
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Figure 11:

Figure 12: Volunetric creep in triaxial conpression
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